In Brief
Evidence of insect-spider associations is rarely found in the fossil record. Liu et al. present mid-Cretaceous amber lacewings that had specific morphological features associated with specialization on web-spinning spiders. The finding reveals a dramatic and ancient degree of ecological refinement in insect predators.
SUMMARY
Insects exhibit a wide diversity of anatomical specializations in their adult and immature stages associated with particular aspects of their biology. The order Neuroptera (lacewings, antlions, and their relatives) are a moderately diverse lineage of principally predatory animals, at least in their immature stages, as all have a modified piercing-sucking mandible-maxillary complex that allows them to drain fluids from their prey. As such, the larvae of various groups have evolved unique anatomical and behavioral specializations for approaching and subduing their prey, particularly the green lacewings (Chrysopidae), where immatures are also adept at camouflage [1] [2] [3] [4] . Here we report the discovery of a unique mode of life among mid-Cretaceous mesochrysopids, an early stem group to modern green lacewings [5] [6] [7] exhibiting a combination of morphological modifications in both adults and larvae unknown among living and fossil Neuroptera, even across winged insects. The new mesochrysopids exhibit a uniquely prolonged thorax, elongate legs, and dramatically reduced hind wings in adults, and larvae have extremely elongate, slender legs with pectinate pretarsal claws and lacking trumpet-shaped empodia. The peculiarities of the larvae include features principally found in spider-associated insect groups, implying that these lacewings were early specialists on web-spinning spiders, either as active predators or kleptoparasites. This reveals a dramatic and ancient degree of ecological refinement in a major lineage of insect predators, for a food resource otherwise not utilized by most lacewings.
RESULTS

Systematic Paleontology
Order Neuroptera Linnaeus. Family Mesochrysopidae Handlirsch. Adult. Small lacewings (forewing length 7.7 mm); head semihypognathous, subtriangular in frontal view ( Figures 1A and  S4A) ; compound eye large, exophthalmic; ocelli absent; antenna filiform; flagellum with apical four flagellomeres forming short club composed of nodular and a slender digitiform flagellomere ( Figure 2C) ; mandibles distally acute and slightly incurved, lacking inner tooth. Pronotum (Figure 2A ) greatly elongate, narrower than head, 6.03 pronotal width, lateral margins extended ventrally and closing anterior third of prothoracic venter; mesothorax large, with prescutum nearly rhombic, strongly produced posteriad; metathorax partially concealed by mesoscutellum, extremely short. Legs ( Figures 1A and 2A ) slender, extremely elongate; tibiae terminally with a pair of narrow, paddle-shaped spurs ( Figure 2A ) closing ventral surface of proximal half of associated basitarsi; tarsus pentamerous; basitarsus longer than combined length of remaining tarsomeres; fourth tarsomere shortest, nodular, with several long setae, longer than those on other tarsomeres; pretarsus with a pair of simple claws and pulvilli ( Figure S1B ). Forewing ( Figures 1A and 2A ) long and broad, hind wing brachypterous; trichosors and nygmata absent; pigmented pterostigma present on forewings, with posterior margin reaching vein Sc (subcosta); forewing with costal area narrow; Sc and R (radius) distally fused, Sc+R entering wing margin at apex, with five short, simple veinlets; humeral veinlet simple, crossvein-like, not recurrent; sc-r crossvein absent; Rs (radial sector) and MA (anterior media) proximally fused (as Rs+MA), originating from R in proximal quarter of wing length and inclined at strongly acute angle, Rs+MA straight, much longer than length of proximal crossvein between Rs+MA and MP (posterior media) (rs+ma-mp crossvein); presectorial crossveins absent; Rs with three branches; crossveins between R, Rs, and MA reduced, with total number less than 20, some arranged into two irregular, loose gradate series; MP originating from R a short distance from wing base, MP1 and MP2 long, diverging at angle of >40
, both with a marginal fork, MP2 proximally fused with CuA (anterior cubitus) for a short distance; proximal mp-cu short, with anterior apex inclined toward wing base; Cu originating from wing base with free stem, which is slightly interrupted proximal to basal ma-cu, CuP (posterior cubitus) separating from CuA slightly distal to proximal ma-cu, Larva. Fusiform, with sparse setae ( Figures 1B and 2B) ; head subtrapezoidal; mandible-maxilla complex (''jaws'') long, thin, broadly curved, without teeth; antenna ( Figure 2D ) length 53 head width; flagellum distally distinctly inflated, forming short club composed of nodular and a slender digitiform flagellomere, terminus with a single bristle. Legs ( Figures 1B and 2B , and Figure S2 ) with robust coxae, short trochanter, and extremely elongate and slender femora and tibiotarsi; mid-leg characteristically shorter than forelegs and hind legs; trumpet-shaped, pretarsal empodium lacking ( Figure 2E ), pretarsal claw with two additional, long, slender teeth ( Figure 2E ). Thorax and abdomen lacking setigerous tubercles or scoli, with scattered simple setae.
DISCUSSION
The newly discovered lacewing can be placed without ambiguity in the extinct family Mesochrysopidae (refer to the Supplemental Information), a group known only from the Jurassic and Cretaceous, and an early relative of the Chrysopidae, currently classified together as the superfamily Chrysopoidea, as advocated by Nel et al. [5] . Indeed, the two are sometimes treated as a single family, with the former as a basal subfamily most likely paraphyletic to the latter, as it is presently defined only by symplesiomorphies relative to modern green lacewings [8] . Definitive characters of mesochrysopids derive from their forewing venation, as most are known only from wings, some from mere fragments [6] . Among mesochrysopids, the adult of P. arachnophila has a unique combination of exaggerated and strongly reduced traits. These include a prolonged prothorax and slender, elongate legs coupled with a considerably reduced, most likely vestigial, hind wing. Nonetheless, the narrow costal cell, presence of a pterostigma, vein Sc terminating into vein R, and vein M terminating on the hind margin at or before wing midlength are all typical mesochrysopid features (see also the Supplemental Information). The biology of any mesochrysopid has, until now, remained unknown.
Larvae from the same deposit are tentatively attributable to the same species as the adults reported here. Naturally, association of adult and immature holometabolous insects is challenging, An adult is depicted at rest, while a larva is crawling on a spider web.
and if these different life stages are discovered in isolation from one another and morphological or ecological details are lacking, then identification sometimes requires the aid of molecular markers. Nonetheless, here the linkage between the adults and the larvae is supported by a number of unique anatomical specializations in both stages, unknown elsewhere in any living or fossil Neuroptera. First, the fact that the larvae are chrysopoids but lack features of the family Chrysopidae places them among the Chrysopoidea and thereby putatively with mesochrysopids. As in other chrysopoid larvae, the piercing-sucking mandible-maxillary complex (the characteristic ''jaws'') is elongate and broadly curved, the antennae have numerous flagellomeres, and the broad head is not partially retracted into the prothorax (the latter a feature of the related Hemerobiidae) [1] . However, unlike the modern members of Chrysopidae with debris-carrying behavior in larvae, the larvae of P. arachnophila lack the usual setigerous tubercles necessary to support a packet of exogenous debris for purposes of disguise, as well as the hooked setae employed for the same function, and are therefore similar to most ''naked'' modern chrysopid larvae [1] . In addition, the larvae of P. arachnophila lack the elongate and trumpet-shaped pretarsal empodium, which is present in all extant green lacewing larvae [1] . More importantly, the adults and larvae are of comparable body sizes and both possess the same elongation of identical leg podites-femur, tibia, and tarsus (tibiotarsus in larvae). Both stages also have a unique apical specialization of the antenna whereby the apical flagellomeres are somewhat inflated and digitiform (Figures 2A, 2C,  2D ; Figures S1-S3) .
The larvae are among the most striking immatures hitherto known, living or fossil, owing to their elongate and thin legs, so fine in structure that it would seem to be impossible for the legs to support the more massive body. These legs are reminiscent of those of some walking sticks (Phasmatodea) [9] or of thread-legged bugs (Reduviidae: Emesinae), the latter of which include prominent inquilines in the webbing of spiders or barklouse silk, and some of which are obligate predators on their spider hosts [10, 11] . In this connection, it is remarkable that the pretarsal claws of all legs in the larvae of P. arachnophila are serrate and denticulate ( Figures 2E and S3D) , a trait unknown in any other chrysopoid larvae. This claw structure is like that often present in animals that navigate through webbing, including the aforementioned arachnophagous thread-legged bugs, as well as the web-spinning spiders themselves [12] . The structure of the claws permits grasping of the silken threads and allows the animal to move without becoming entangled within the web. Consequently, such pretarsal claws, unhindered by the usually elongate empodia of present-day chrysopids, enabled these larvae to grasp and maneuver through the silken webs of spiders. The elongate legs and specialized claws would permit the larva to walk or dangle over the surface of the web (Figure 3) . The purpose of entering the webs of spiders cannot be known, but as all chrysopid larvae and virtually all neuropteran larvae are active predators, it is most likely that these immatures were preying on the spiders themselves, rather than acting as kleptoparasites (stealing the ensnared and entombed prey captured by the spider itself) or inquilines (their massive bodies would have made hiding within a web virtually impossible).
The adults of P. arachnophila have a generalized morphology typical for a predatory lifestyle (Figure 3) . The mouthparts are chewing mandibulate with strongly sclerotized mandible (Figure S4A) . The elongate legs are analogous to those of predatory hangingflies (Mecoptera: Bittacidae) [13] . Elongation of the prothorax, in this case anterior to the procoxae and thereby different from the condition in the raptorial mantispid lacewings (Mantispidae) or mantises (Mantodea), is found principally in groups such as snakeflies (Raphidioptera) and is associated with a greater range of rotation of the head for biting and manipulating prey, as well as enlarged compound eyes and improved vision for locating their victims [14] . In hangingflies, all tibiae have long apical spurs, and the basitarsus is elongate followed by shorter tarsomeres, used to grasp their prey while in flight or dangling from twigs [13, 15] . The same arrangement of podites and spurs are present in P. arachnophila, although here the tibial spurs are more paddle shaped with a broadly obtuse apex, the fourth tarsomere is particularly contracted into a nodular component (allowing for greater retraction of the apical part of the leg, presumably to wrap around an object being held), and the pretarsal claws possess paired pulvilli.
The reduction of the adult hind wings, while rare in Neuroptera, is widespread across insects, ranging from the tiny or absent hind wings of mayflies (Ephemeroptera) to the familiar halteres of true flies (Diptera), and alary heteronomy is rampant and the result of diverse, unrelated constraints or specializations [16] . Hind wing brachyptery is also recorded in at least seven other families of Neuroptera, including Coniopterygidae, Hemerobiidae, Ithonidae, Berothidae, Dilaridae, Dipteromantispidae, and Nemopteridae [17, 18] . However, the flight mode and the function of the strongly reduced hind wings of P. arachnophila remain unclear.
Spiders were diverse and abundant in the Burmese amber forests [19] , including a remarkable array of web-spinning clades. Although spiders are noted predators of aerial insects, numerous insect lineages have similarly evolved strategies for utilizing spiders as a resource, most notably some ichneumonid wasps, whose larvae are capable of manipulating the behavior and web design of the spider to the advantage of the endoparasitoid [20] . The antiquity of spider-associated insects is virtually unknown, and although the lineages have evolved in parallel since at least the Paleozoic, no evidence has been forthcoming of specific insect lineages prior to the Cenozoic specializing on spiders as prey or clearly utilizing their webs as a retreat. Pedanoptera arachnophila reveals that by the mid-Cretaceous, at least one lineage of insects had already evolved extreme morphologies to enter spider webs and access to the resources offered by spiders, although this specialization failed to persist within the chrysopoid line (Figure 4) . Nonetheless, these fossils highlight the complex predator-prey dynamics of mid-Cretaceous ecosystems and the earliest evidence of arachnophilous insects.
EXPERIMENTAL PROCEDURES
The new taxonomic actions established herein are registered in ZooBank LSID urn:lsid:zoobank.org:pub:87741E4A-BC2F-49CB-82B7-EC8982405F5C. The fossil material is located in the Entomological Museum of China Agricultural University, Beijing prior to final deposition in the Three Gorges Entomological Museum (EMTG), Chongqing, China. Specimens were prepared by trimming with a water-fed saw and grinding and polishing with a lap, to expose useful views of the inclusions. Photographs were taken using Zeiss SteREO Discovery V12 stereomicroscope and drawings made with the aid of a camera lucida. Specimens were studied using transmitted and reflected light through a Zeiss V12 stereomicroscope. 
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental
